We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 13

Biosynthesis of Lipids and Hydrocarbons in Algae

Masato Baba and Yoshihiro Shiraiwa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56413

1. Introduction

Lipids function as important storage compounds to maintain cellular activities. Lipids store
high reducing power and energy since those biosynthetic processes require high amount of
reducing cofactors and ATP. Storage lipids do not cause any chemical effect on cellular activity
such as osmolarity, pH and ion strength because of its hydrophobicity. Membrane lipids such
as phospholipids, carotenoids, and cholesterols play a housekeeping role. In addition, some
of lipids function as protein modifiers or signaling molecules.

Recently, plant oils are gathering keen interest as a source of renewable energy according to
rapid increase in social demands for establishing a low-carbon-society. However, oil produc-
tion for biofuels and biorefinery using higher plants and crops is strongly worried for com-
peting with food production and to increase those market prices. Therein, algae came into play
a new oil-producing organism since algae do not compete with food production. According
to their high productivity per unit area, prokaryotic photoautotrophs such as cyanobacteria
and eukaryotic algae such as protists are expected to become a promising feedstock in future
(Gong & Jiang, 2011).

Although numerous kinds of lipids exist in nature, main carbon chain of the molecules is
almost derived from limited numbers of precursor molecules such as fatty acids and isopre-
noids. Interestingly, some parts of the synthetic pathways of lipids are quite different among
animals, higher plants, cyanobacteria and some eukaryotic microalgae. Although there is quite
few information on lipid biosynthesis and metabolism in algae, it is noteworthy that most of
biosynthetic pathways of hydrocarbons such as fatty acid- and isoprene-derived hydrocarbon
have been well characterized in microalgae.

In this chapter, we will introduce recent progresses on lipid and hydrocarbon biosynthetic
pathways in microalgae: First, unique features of algal lipid synthetic pathways mostly
hypothesized by advanced DNA sequencing technique although those are not well proved
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experimentally yet. Second, two factors for hydrocarbon biosynthesis in microalgae charac-
terized recently by a combination of expressed sequence tags (EST) analysis and novel enzyme
characterization. Those are: (1) decarbonylase to produce fatty acid-derived hydrocarbons in
cyanobacteria and (2) isoprene-derived hydrocarbon biosynthetic pathway in a representative
oil-producing colonial microalga, Botryococcus braunii. Third, the mechanism for carbon flow
and energy balance in lipid and hydrocarbon biosynthetic pathways. Finally, we will describe
a future perspective of algal lipid biosynthetic pathways and its application to biofuel
production.

2. Unique features of algal lipid biosynthetic pathways

Although there is no agreed definition and classification of “lipids” (The AOCS Lipid Library,
http://lipidlibrary.aocs.org/), here we define a term “lipid” as follows: 1) it is biological
component of and derived from organisms; 2) it is basically very soluble in organic solvents
but not in water; 3) it contains hydrocarbon group in its structure. We adopt biosynthetic
classification to categorize lipids such as fatty acid, isoprene or others of unique lipids as shown
in Table 1, instead of a conventional lipid classification such as simple lipid, derived lipid,
complex lipid, and so on. Here we used the term “lipids” for compounds composed of only
carbon, hydrogen, and oxygen.

Table 1 indicates the list of various lipids and their functions. Although numberless lipids exist
in nature, main carbon chain of the molecules is mostly derived from fatty acids, isoprenes
and their homologous compounds via some synthetic pathways. Recent progress in genome/
transcriptome sequencing technology and its computational analysis on similarity of those
base sequences among organisms, namely in silico analysis, enable us rapid prediction of
metabolic pathway even in uncharacterized organism. Owing to the modern in silico analyses,
some unique features of algal lipid biosynthesis are starting to be enlightened. Interestingly,
some parts of the synthetic pathways are quite different among animals, higher plants,
cyanobacteria and eukaryotic algae.

Name Structure Function
Fatty acid C,,-/straight-carbon chainwith carboxyl group Membrane component;Bioactivity
Polyketide Various carbon chain with polyketone group Antibiotic; Bioactivity
Glyceride Ester of fatty acid & glycerol Common storage lipid
Terpenoid Cs,./branched-carbon chain;isoprene derivate Bioactivity
Steroid Tri-terpenoid derivate Common hormone
Carotenoid Tetra-terpenoid derivate;conjugated double bond; Pigment
absorbent

Table 1. Various lipids and their functions
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2.1. Fatty acid biosynthesis

Acetyl-coenzyme A (CoA) is a universal carbon donor for fatty acid biosynthesis. Acetyl-CoA
is supplied via multiple paths from various origins and then subsequently metabolized into
malonyl-acyl carrier protein (ACP) by sequential reactions. One molecule of ATP (1ATP) is
used for the carboxylation of acetyl unit to produce one malonyl unit. In general, fatty acid
biosynthesis utilizes acetyl-CoA and malonyl-ACP as starting substrates and acetyl unit
donors. Primarily, butyryl(C,)-ACP is synthesized from acetyl(C,)-CoA and malonyl(C;)-ACP
via sequential reactions of condensation, decarboxylation, and reduction of non-malonyl-ACP
derived keto unit. Two molecules of NADPH (2NADPH) is used for the reduction of keto
group. Accordingly, IATP and 2N ADPH are consumed to elongate chain of fatty acid molecule
by adding C,-saturated carbon unit in fatty acid biosynthesis. Acyl-ACP is elongated up to
acyl(Cy4 or 15)-ACP. Molecules with C, -carbon chain are widely distributed among various
organisms and those of C,, ;-carbon chain are synthesized from C, -compounds by carbon-loss
(Rezanka & Sigler, 2009). In bacteria, iso- and anteiso-fatty acids (branched-chain fatty acids)
are synthesized from amino-acid-derived precursors with branch (Kaneda, 1991). ACP is
subsequently removed from acyl(Cy . 15)-ACP to form fatty acid(Cy ., 15). The fatty acids
synthesized on the plastid envelopes are excreted into cytosol by accompanying probably with
the process of binding of CoA (Joyard et al., 2010). Oppositely, fatty acid is necessary to be
activated by the binding of ACP for passing through the cell membrane in the cyanobacteria
Synechocystis species.

In any step, a synthesized carbon chain can be metabolized into various products including
glycerolipids, triacylglycerides (TG), phospholipids and glycolipids (Joyard et al., 2010). Fatty
acids synthesized excessively are stored as TG in most eukaryotes. Usually prokaryotes do not
accumulate TG although Actinomycetes and a few other bacteria exceptionally synthesize TG
(Alvarez & Steinbiichel, 2002).

Same fatty acids as metabolites are widely observed in various organisms but their biosynthetic
pathways are different depending on classification. There are four known groups of enzyme(s)
for fatty acid biosynthesis; type-I fatty acid synthase (FAS), type-II FAS, particular elongases,
and enzymes for catalyzing the reversal of -oxidation. Typically, animals and fungi possess
type-I FAS which is a large multi-functional enzyme with multiple functional domains (Chan
& Vogel, 2010; Joyard et al., 2010). Bacteria, plastids and mitochondria have type-Il FAS which
is composed of four subunit proteins such as s-ketoacyl-ACP synthase (KAS), s-ketoacyl-ACP
reductase, 8-hydroxyacyl-ACP dehydratase and enoyl-ACP reductase (Chan & Vogel, 2010;
Joyard et al., 2010; Hiltunen et al., 2010). A trypanosomatid Leismania major possesses three
elongases instead of above mentioned FASs for fatty acid biosynthesis (Lee et al., 2006). In a
microalga Euglena gracilis fatty acids are synthesized de novo via the reversal pathway of £3-
oxidation under anaerobic conditions (Hoffmeister et al., 2005; Inui et al., 1984). As such, wide
variation seems to exist among organisms but detailed information on fatty acid biosynthesis
is not well understood in algae.

One of model organism Chalmydomonas reinhardtii (Chlorophyta) possesses type-II FAS gene
which is homologous to that of land plants (Riekhof et al., 2005). Land plants have both
plastidal- and mitochondrial-FASs which exhibit different substrate specificity (Yasuno et al.,
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2004). Mitochondrial ACP-type enzymes are well characterized especially in the yeast
Saccharomyces cerevisiae (Hiltunen et al., 2010). In the green alga C. reinhardtii, FAS is thought
to be localized both in the plastid and the mitochondrion individually since respective FAS
gene is represented as single gene in each organelle (Riekhof et al., 2005). Expressed sequence
tags (ESTs) of Chlorophyta Botryococcus braunii Bot-88-2 (race A) contained a partial sequence
of type-I FAS (accession number: FX056119) which is partially similar to animal FAS (Baba et
al.,, 2012a). However, further information of complete genome sequence is necessary to confirm
it. In E. gracilis which has triple-layer envelope, there are five fatty acid synthetic pathways
located in four subcellular compartments; the type-I FAS system in the cytosol, two type-II
FAS systems in the plastid, fatty acid synthesis associated partly with wax ester fermentation
in the microsomes (see 3.1.4. Wax ester) and a malonyl-ACP independent process located in
the mitochondria. E. gracilis synthesizes wax esters when cells were grown under either
heterotrophic or anaerobic conditions (Hoffmeister et al., 2005). Wax ester fermentation under
anaerobic conditions produces ATP in net profit while general malonyl-ACP-dependent fatty
acid synthesis consumes ATP (Inui et al., 1982). Fatty acids supplied for wax ester production
are de novo synthesized by acetyl-CoA condensing reaction which is similar to the reversal
pathway of i-oxidation, where trans-2-enoyl-CoA reductase contributes instead of acyl-CoA
dehydrogenase (mitochondrial f3-oxidation enzyme) or acyl-CoA oxidase (peroxisomal £3-
oxidation enzyme) (Hoffmeister et al., 2005; Inui et al., 1984). The trans-2-enoyl-CoA reductase
reaction is a key step in the reversal pathway of 3-oxidation. The direction of the pathway is
O,-dependently determined to proceed irreversibly under aerobic conditions since the key
enzyme pyruvate:NADP* oxidoreductase is sensitive to O, (Tucci et al., 2010). The reversal
pathway may be essential to maintain the redox balance in the mitochondria under anaerobic
conditions (Tucci et al., 2010). Such hypothesis is supported by another report which demon-
strated that -oxidation can be reversed in genetically engineered Escherichia coli (Dellomonaco
et al., 2011). In mammalian mitochondria, the reversal pathway functions for only elongation
process due to substrate specificity of mammal enoyl-CoA reductase and therefore the
pathway contributes to short-chain fatty acid elongation process (Inui et al., 1984).

2.2. Fatty acid elongation

Cg-Fatty acid can be further elongated via the fatty acid elongation pathway. Fatty acid
elongation process is very similar to that of the fatty acid synthesis although acyl-CoA and
malonyl-CoA are used as a substrate. In the process, 1ATP and 2NADPH are required for C,-
unit elongation of saturated carbon chain since CoA-activation is not essential as suggested
by another study (Hlousek-radojcic et al., 1998). Fatty acid elongation reaction site was shown
to be located in the endoplasmic reticulum (Kunst & Samuels, 2009). In contrast to FAS system,
all known elongation systems are basically compatible and functions simultaneously. Fatty
acid elongase constitutes an enzyme complex of four subunits which is similar to type-II FAS;
namely, $3-ketoacyl-CoA synthase (KCS), £3-ketoacyl- CoA reductase, 3-hydroxyacyl-CoA
dehydratase and enoyl-CoA reductase. There are two different KCSs; namely “elongation of
very long-chain fatty acid” (ELOVL or merely ELO)-type elongase which contributes to
sphingolipid biosynthesis and “fatty acid elongation” (FAE)-type elongase which contributes
to plant seed TG or wax biosynthesis (Venegas-Caleron et al., 2010). Typically, animals and
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fungi possess ELO-type while land plants possess FAE-type. In some cases, ELO and FAE
subunits are inaccurately referred as mere “elongase” since heterologous expression of single
gene for KCS often results in successful elongation of acyl-CoA by the help of the other subunit
of the host (typically, yeast and land plant Arabidopsis thaliana).

Poly unsaturated very long-chain fatty acid (PUVLCFA, PULCA, VLC-PUFA, etc.) is one
of elongated fatty acids (e.g. Arachidonic acid, Eicosapentaenoic acid, and Docosahexaeno-
ic acid). PUVLCFA is commonly observed in algae such as Euglenophytes, diatoms
(Phaeodactylum tricornutum, Thalassiosira pseudonana) and haptophytes (Emiliania huxleyi,
Isochrysis galbana, Pavlova salina) which possess desaturase/elongases to produce EPA and
DHA from Cy, fatty acid and derivatives (Venegas-Caleron et al., 2010). This elongation is
shown to be catalyzed by ELO-type fatty acid elongase. On the other hand, contribution
and physiological function of FAE-type elongase has not been proved in microalgae yet.
Macroalgae produce short and long-chain aldehydes (Moore, 2006). These metabolites are
suggested to be produced from PUVLCFA although the detailed synthetic pathway is
almost unknown. Long-chain aldehyde producing reaction was reported to be catalyzed
by lipooxygenase which functions to oxygenize and cleave PUVLCFA at a specific position
to form short-chain metabolites (Moore, 2006).

2.3. Polyketide biosynthesis

Polyketide includes various complex compounds such as antibiotics (e.g. erythromycin,
tetracycline, lovastatin) (Staunton & Weissman, 2001). Polyketide biosynthesis is similar to
C,and longer fatty acid synthesis except successive reduction of keto-group and utilizes various
ACP/CoA compounds as its substrate. Mycolic acids, extremely large fatty acids (ca. Cy) in
the cell envelope of mycobacteria (Verschoor et al., 2012), are synthesized by condensation of
two VLCFA acyl-CoA molecules via polyketide biosynthesis (Portevin et al., 2004).

There are three types of polyketide syntheses (PKSs): type-I PKS which is a large multi-
functional enzyme in the consequence of multiple functional domains, type-II PKS which is
composed of monofunctional proteins to form complex and type-III PKS which resembles
chalcone synthase catalyzing the committed step in flavonoid biosynthesis in higher plants
and some bryophytes (Shen, 2003). Type-1 PKSs are further classified into two, namely iterative
and non-iterative (modular) types. Bacteria possess type-I to III of PKSs. Fungi and animal
typically possess type-I iterative PKS which is closely related each other (Jenke-Kodama &
Dittmann, 2009). Interestingly, there is evolutional connection between PKSs and FASs (Jenke-
Kodama & Dittmann, 2009; John et al., 2008; Sasso et al., 2011).

In the genomes of chlorophyta (C. reinhardtii, Chlorella variabilis, two Ostreococcus species, etc.),
heterokontophyta (Aureococcus anophagefferens), and haptophyceae (Emiliania huxleyi and
Chrysochromulina polylepis), “non-iterative” type-I PKS is coded but not in land plant, rhodo-
phyta (Cyanidioschyzon merolae and Galdieria sulphuraria), Stramenopiles (Thalassiosira pseudo-
nana, Phaeodactylum tricornutum, two Phytophthora species), and Euglenozoa (Trypanosoma
brucei, Trypanosoma cruzi and Leishmania major) (Sasso et al., 2011). Polyketide synthesis plays
a role in biosynthesis of cyanobacterial toxin, microcystin (Jenke-Kodama & Dittmann, 2009).
Dinoflagellate toxins are also polyketides although its synthetic pathway remains unknown
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because of technical restrictions (Sasso et al., 2011). In addition, biosynthetic processes of
polyketides in macroalgae are one of important targets to be urgently elucidated.

2.4. Terpenoid biosynthesis

Terpenoid which is composed of branched Cs, carbon unit are synthesized by condensation
of C; isoprene units (as isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphos-
phate (DMAPP) in vivo) (Bouvier et al., 2005). In general, isoprene unit is supplied via either
or both mevalonic acid (MVA) pathway or/and methylerythritol phosphate (MEP) pathway
(or non-mevalonic acid pathway). MVA pathway is located in the cytosol of Archaea and
eukaryotes or in the peroxisome (Lohr et al., 2012). In MV A pathway, three molecules of acetyl-
CoA are condensed into DMAPP through MVA and then IPP by sequential reactions, using
3ATP and 2NADPH. The MEP pathway is known to be located in the cytosol of bacteria
including cyanobacteria and in the stroma of plastids in plants and eukaryotic algae (Joyard
et al., 2009). In MEP pathway, pyruvate and glyceraldehyde-3-phosphate (GAP) react to form
IPP or DMAPP via MEP using energy of three high-energy phosphate bonds on either ATP or
CTP and reducing power from atleast INADPH and four reducing coenzymes (not completely
identified yet) (Hunter, 2007). One molecule of CO, is released in MVA and MEP pathway
respectively. In land plants, isoprene units can be exchanged through chloroplast envelope by
that MV A and MEP pathways complement each other. However, any protein for isoprene unit
exchange has not been isolated so far (Bouvier et al., 2005; Joyard et al., 2009; Lohr et al., 2012).

&
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Figure 1. Pathway for terpenoid biosynthesis
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Primary and terminal molecules are underlined respectively. Substrates multiply used are
shown in bold. [1]: putative Isoprene transporter. [2]: a predicted junction from the pentose
phosphate pathway to the MEP pathway in cyanobacteria. AACT, acetoacetyl-CoA thiolase;
CMK, 4-(cytidine 5’-diphospho)-2-C- methylerythritol kinase; DXR, 1-deoxy-D-xylulose 5-
phosphate reductoisomerase; DXS, 1-deoxy-D-xylulose 5-phosphate synthase; HDR, 4-
hydroxy-3-methylbut-2-en-1-yl diphosphate reductase; HDS, 4-hydroxy-3-methylbut-2-en-1-
yl diphosphate synthase; HMGS, 3-hydroxy-3-methylglutaryl-CoA synthase; HMGR, 3-
hydroxy-3-methylglutaryl-CoA reductase; IDI, isopentenyl diphosphate:dimethylallyl
diphosphate isomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase;
MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MVD, mevalonate-5-diphos-
phate decarboxylase; MVK, mevalonate kinase; PMK, 5-phosphomevalonate kinase.

In silico analysis suggested that algae have enzymes for terpenoid biosynthesis which resem-
bles with those in land plants (Lohr et al., 2012; Sasso et al., 2011). On the other hand, MVA
pathway genes are often lost in some algae although such algal unique system remains to be
understood in future work (Lohr et al., 2012; Sasso et al., 2011). EST analysis on race A and B
of B. braunii revealed that MEP pathway genes are actively expressed but not MVA pathway
genes. Some secondary symbiotic algae possess a mosaic MVA pathway which involves
enzymes originated from both primary and secondary hosts (Lohr et al., 2012). MEP pathway
connected with the pentose phosphate pathway was observed in a species of cyanobacteria
although detailed mechanism is still not clear (Poliquin et al., 2004).

IPP and DMAPP are metabolically conjugated by condensation and dephosphorylation to
produce polyterpenoid. No ATP or reducing power is required when isoprene units get into
condensationreactionby head-to-tail conjunction (e.g. farnesyl pyrophosphate formation while
INADPH is required in case of tail-to-tail condensation (e.g. squalene formation). Polyterpe-
noid is individually or cooperatively synthesized either in the cytosol, plastid or mitochondri-
on(Bouvieretal., 2005;Joyard etal.,2009; Lohretal.,2012). Each terpenoid condensation enzyme
has particular specific to isoprene molecules such as mono-/sesqui-/di-/tri-/tetra-terpene,
respectively. Unlikely land plant, the biosynthesis of isoprene in green macroalgae proceeds via
MEP pathway inthe plastid (Lohretal.,2012) and it functionsto producespecialnatural products
such as bioactive halogenated poly terpenoid (Moore, 2006). Vanadium bromoperoxidase is an
abundant enzyme to produce brominated products in all classes of marine macroalgae and
vanadium iodoperoxidase is also identified and characterized (Moore, 2006). However,
vanadium chloroperoxidase is not yet identified despite the abundance of chlorinated com-
pounds in algae. These haloperoxidases catalyze both halogenation and cyclization to pro-
duce various unique halogenated cyclic terpenoid in macrolagae, but such unique isoprene
condensing enzyme is not yet identified in microalgae (Sasso et al., 2011).

3. Hydrocarbon biosynthesis in algae

Table 2 shows a list of lipids and hydrocarbons which can be candidates for renewable energy
sources. These compounds are metabolites derived from the elemental lipids shown in Table
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Name Structure Function
Odd-chain fattyhydrocarbon Hydrocarbonfrom fatty acid (Cy,.4) Unknown

Wax ester Ester of fatty acid & fatty alcohol Cuticle component
Alkenones trans-unsaturated-/straight-carbon chainwith  Storage lipid?

ketone group

Heterocyst glycolipid Alcohol-/ketone-glycoside Cell wall component
Even-chain fatty Hydrocarbon Unknown
hydrocarbon from fatty acid (C2n)
Olefinichydrocarbon Hydrocarbon from fatty acidwith multiple Unknown

double bonds
Terpenoid hydrocarbon Hydrocarbon from terpenoid Unknown

Table 2. Lipids and hydrocarbons for renewable energy source

1. Their pool sizes of metabolites in cells and production capability largely varies among
species and even strains of a certain species. The most extreme example can be seen in a colonial
oil-producing green alga B. braunii: a certain strain dominantly produces odd-chain fatty
hydrocarbons while another produces terpenoid derived hydrocarbons and those strains are
classified as race A, B and L.

Microalgal species/strains nominated as oil-producer are simply classified into three groups
by their main products: namely, hydrocarbons, TG/free fatty acids and the other lipids. For
example, bacteria (Schirmer et al., 2010), a unicellular green alga Pseudochoricystis ellipsoidea
(Satoh et al., 2010), a colonial green alga B. braunii race A (Yoshida et al., 2012) accumulate fatty
hydrocarbons. According to a recent review (Yoshida et al., 2012), B. braunii race B and L and
a heterotrophic Labyrinthulea Aurantiochytrium sp. produce terpenoid-derived hydrocarbons.
Green algae C. reinhardtii, Chlorella vulgaris, Chlorella protothecoides, diatoms, Nannochloropsis
spp- usually produce and accumulate TG and free fatty acids. E. gracilis Z produces wax ester
and accumulate it in the cell (Inui et al., 1982). Haptophytes, but only five species, produce
long-chain ketones, called as “alkenones” (Laws et al., 2001; Eltgroth et al., 2005; Toney et al.,
2012). Red and green macroalgal species, Gracilaria salicornia and Ulva lactuca, respectively,
contain only limited amounts of lipids including arachidonic acid and Docosapentaenoic acid
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ranging 1~2% of dry weight (Tabarsa et al., 2012). Recent big news was that genetic transfor-
mation by the particle-gun bombardment method was successfully established in alliphatic
hydrocarbon producing photosynthetic eukaryote Pseudochoricystis ellipsoidea (Trebouxiophy-
ceae) (Imamura et al., 2012). This achievement may open a new trail toward the genetic
manipulation of metabolism for algal biofuel production.

3.1. Fatty hydrocarbons and the other fatty acid derivates

Alliphatic carbon-chain is a ubiquitous structure which exists in the molecules produced via
fatty acid biosynthesis in organisms. In this part we introduce some fatty acid derivatives and
their molecular properties and biosynthetic pathways.

3.1.1. Odd-chain fatty hydrocarbon

Bacteria, microalgae and land plants produce odd-chain hydrocarbons (Rezanka & Sigler,
2009; Tornabene, 1981). Plant wax constitutes of odd-chain hydrocarbons without any
branching, namely fatty hydrocarbons (Jetter & Kunst, 2008). This type of hydrocarbons is
suggested to be produced via the decarbonylation pathway (Jetter & Kunst, 2008; Schirmer et
al., 2010). First, acyl-CoA is reduced to form fatty aldehyde using INADPH as a reductant
cofactor (Schirmer et al., 2010; Willis et al.,, 2011). In pea, the decarbonylation reaction is
catalyzed by a membrane-bound enzyme, fatty acyl-CoA reductase (Cheesbrough & kolat-
tukudy, 1984; Vioque & Kolattukudy, 1997) which is also present in the race A of B. braunii
(Wang & Kolattukudy, 1995).

A cyanobacterium Synechococcus elongatus PCC7942 has fatty acyl-ACP reductase which
prefers acyl-ACP, not acyl-CoA, as substrate (Schirmer et al., 2010). Bacterial gene for the
aldehyde-forming fatty acyl-CoA reductase was identified, but not eukaryotic gene yet. Fatty
aldehyde is decarbonylated to form odd-chain fatty hydrocarbons with a release of carbon
monoxide. Such aldehyde decarbonylase activity was successfully determined in land plants
(Jetter & Kunst, 2008), a colonial green alga B. braunii, and bacteria (Schirmer et al., 2010), but
its gene was identified only in bacteria at present (Schirmer et al., 2010). Using microsomal
preparations of B. braunii, alkane was proved to be synthesized from fatty acid and aldehyde
only under anaerobic conditions (Dennis & Kolattukudy, 1991). The aldehyde decarbonylase
is a cobalt porphyrin enzyme which was suggested to locate in the microsomes (Dennis &
Kolattukudy, 1992). However, it is not known yet how intracellular hydrocarbons are trans-
ferred to extracellular space in race A of B. braunii (Casadevall et al., 1985; Largeau et al.,
1980; Templier et al., 1992). In addition, an enzyme for the synthesis of odd-chain fatty
hydrocarbons is unidentified yet since the product of the enzyme was different from native
hydrocarbons of B. braunii by lacking terminal double bond seen in the natural product.
Although decarbonylation reaction does not require any reductant, the reaction of in vitro
decarbonylation from octadecanal to heptadecane was observed only in the presence of
ferredoxin, ferredoxin reductase and NADPH. This result suggest essential requirement of
reductant for aldehyde decarbonylase to exhibit activity in the cyanobacterium Nostoc
punctiforme PCC73102 (Schirmer et al., 2010).
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3.1.2. Wax ester

Wax esters consist of fatty acids (acyl-CoAs in vivo) and fatty alcohols and are one of compo-
nents of plant cuticles or seed oils (Jetter & Kunst, 2008; Kunst & Samuels, 2009). E. gracilis
produces wax esters under either heterotrophic or anaerobic conditions (Inui et al., 1982). Wax
esters are produced by condensation of fatty acids and primary alcohols which are synthesized
from acyl-CoAs (see also 3.1.5. Even-chain fatty hydrocarbon). Wax ester synthase/acyl-CoA:di-
acylglycerol acyltransferase (WSD1) is a condensation enzyme identified in A. thaliana (Li et
al., 2008). In E. gracilis, both NADH-requiring alcohol-forming fatty acyl-CoA reductase
(EgFAR) and wax synthase (EgWS) are already identified and the sequences of those genes
showed similarity with those of jojoba (land plant) (Teerawanichpan & Qiu, 2010). EgWS
utilizes a broad range of fatty acyl-CoAs and fatty alcohols as substrates with the preference
towards myristic acid and palmitoleyl alcohol (Teerawanichpan & Qiu, 2010). Those substrates
are suggested to be produced via various fatty acid synthetic pathways in this alga (see 2.1.
Fatty acid biosynthesis).

3.1.3. Alkenones

At least five species of haptophyceae (Chrysotile lamellose, Emiliania. huxleyi, Gephyrocapsa
oceanica, Isochrysis galbana, Pseudoisochrysis sp.) were reported to accumulate highly alkenes,
alkenoates (PUVLCFA-methyl/ethyl esters) and alkenones (PUVLC ketones) (Eltgroth et al.,
2005; Laws et al., 2001; Toney et al., 2012). In this section, we call those compounds “alkenones”
for our convenience. “Alkenones” are discriminated from the other lipids by 2 to 4 trans-carbon
double bonds stocked under low temperature conditions, and by its remarkable length (about
Cy). “Alkenones” are suggested to be synthesized near the chloroplast, and then stored in the
intracellular lipid body (Eltgroth et al., 2005). Mechanisms for alkenone biosynthesis and its
desaturation are not known yet. Alkenones may act as a storage lipid since behavior of
alkenones was shown to be similar to TG in the other algae functioning storage lipids (Eltgroth
et al., 2005).

3.1.4. Heterocyst glycolipid

The heterocyst of cyanobacterium Anabaena sp. PCC 7120 is surrounded by cell wall involving
unique glycolipids as a component (heterocyst glycolipid: HGL) (Bauersachs et al., 2009; Awai
& Wolk, 2007). HGL may be a good source of biofuel since such sugar-conjugated molecule
(aglycon) is changed to Cy, o4 fatty polyhydric alcohol or ketone by removing sugar residues.
HGL is known to be biosynthesized from fatty polyhydric alcohol via an unknown pathway
which may be composed of fatty acid and/or polyketide synthetic enzymes (Awai & Wolk,
2007; Bauersachs et al., 2009) as its mechanisms including transportation of HGL during
heterocyst development has been well studied (Bauersachs et al., 2009; Nicolaisen et al., 2009).
Fatty polyhydric alcohol is metabolized to glycoside by the catalysis of glycosyltransferase
(HGL formation protein: HglT) (Awai & Wolk, 2007).
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3.1.5. Even-chain fatty hydrocarbon

The bacterium Vibrio furnissi M1 was suggested to synthesize even-chain fatty hydrocarbons
by the reduction of fatty acids through primary fatty alcohols (Park, 2005). Primary fatty
alcohols are commonly synthesized from acyl-CoA by either one-step or two-step reductions.
The one-step reduction is catalyzed by “alcohol-forming” fatty acyl-CoA reductase of which
gene was already identified in bacteria (Willis et al., 2011) and various eukaryotes such as land
plants and Euglena (Teerawanichpan & Qiu, 2010; Vioque & Kolattukudy, 1997). The two-step
reduction reactions are catalyzed by two enzymes: namely, “aldehyde-forming” fatty acyl-
CoA reductase and then fatty aldehyde reductase of which gene is identified only in bacteria
(Wahlen et al., 2009). In the two-step reductive reactions, 2NADPH are necessary to reduce
acyl-CoA to primary fatty alcohol. However, mechanism for consequential reactions to form
even-chain fatty hydrocarbon by reducing fatty alcohol has not been identified yet (Park,
2005) but elucidation of the mechanism and knowledge on its distribution among species are
very important for the progress of biofuel production.

3.1.6. Olefinic hydrocarbon

Olefinic hydrocarbons contain many unsaturated bonds in the molecule. Ole (olefin) ABCD is
a gene set harbored in bacteria and catalyzes the production of an olefinic hydrocarbon
molecule by head-to-head condensation reaction (Beller et al., 2010; Sukovich et al., 2010a;
Sukovich et al., 2010b). The head-to-head condensation reaction is summarized as follows: 1)
a carboxyl group (R;-COOH) of fatty acid X is reduced to a carbonyl group (R,-CHO) ; 2) the
carbony]l (or thioester (R;-CO-5-CoA with carbon number x)) group of X reacts with an alpha-
carbon of another fatty acid Y (R,- H-COOH with carbon number y) to combine by forming
a hydroxyl group (-OH) and releasing one carbon molecule; 3) the hydroxyl group changes
into a carbon double bond (R;-C=- R,); 4) the reduction of the carbon double bond results to
produce hydrocarbon molecule with carbon number of [x + y — 1] (Albro & Dittmer, 1969). So,
acyl-CoA can react with an alpha-carbon of fatty acid instead of carbonyl unit of the aldehyde
(Sukovich et al., 2010a). As the gene set 0leABCD was recently identified, further kinetic and
phylogenic studies can be performed.

3.2. Hydrocarbon biosynthesis from isoprene: A novel terpenoid hydrocarbon biosynthetic
pathway in a colonial green alga Botryococcus braunii (race B)

A colonial green alga B. braunii produces hydrocarbon up to 75% of its dry weight (Yoshida et
al., 2012). B. braunii is generally classified into three races by its products: race A produces odd-
chain fatty hydrocarbons (alkadiene, alkatriene); race B (triterpene) and L (tetraterpene)
produces hydrocarbons from isoprene, namely terpenoid hydrocarbons (Yoshida et al., 2012).
B. braunii cells are botryoidally-aggregated by a network of covalently and/or non-covalently
conjugated hydrocarbon molecules to build colony structure: namely, as structural hydrocar-
bons (Metzger et al., 1993; Metzger et al., 2007; Metzger et al., 2008). Extracellular space is filled
with liquid hydrocarbons being discriminated from the structural hydrocarbons (Weiss et al.,
2012). Hydrocarbon biosynthesis in the race A is partially understood but no recent progress
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was reported (see 3.1.1. Odd-chain fatty hydrocarbon). Properties of the race B hydrocarbons are
mostly well-known although the race L is still enigmatic.

The race B hydrocarbons are methylsqualene and botryococcene which are specifically
produced by B. braunii. The amount of the race B hydrocarbons accumulated in the colony did
not decrease in the dark, suggesting that extracellular hydrocarbons are a physiologically
inactive storage compounds (Sakamoto et al., 2012). Cs-isoprene unit for synthesizing hydro-
carbon molecules is supplied via MEP pathway in B. braunii (Sato et al., 2003) (see 2.4. Terpenoid
biosynthesis). The enzyme 1-deoxy-D-xylulose-5-phosphate synthase catalyzes the first step of
the MEP pathway and its three distinct isoforms are well-characterized (Matsushima et al.,
2012). ESTs of most genes in the MEP pathway, but never the MVA pathway, are already
obtained by transcriptome analysis although those are not completely cloned and character-
ized yet (Ioki et al., 2012a; Ioki et al., 2012b). Botryococcene is known to be synthesized via a
similar pathway to squalene biosynthesis besides of cleavage manner of cyclopropane base in
a precursor, presqualene pyrophosphate (PSPP) (Metzger & Largeau, 2005; Banerjee et al.,
2002). Squalene synthase, which is widely observed in eukaryotes, catalyzes two step reactions:
namely, (1) condensation of two farnesyldiphosphates (FPP, triterpene) to form PSPP and (2)
dephospholylation, cyclopropane cleavage, carbon bond reformation and NADPH-dependent
reduction of PSPP to produce squalene (Okada, 2012; Jennings et al., 1991). These two reactions
are catalyzed at the domain 3 and 4 for 1% reaction and the domain 5 for 2" reaction of six
domains sequentially (Gu et al., 1998). Botoryococcus squalene synthase (BSS) was isolated by
methods of homology screening of cDNA library based on its putative homologous sequence
obtained by the degenerate PCR method to already known squalene synthase (Okada et al.,
2000). BSS expressed in E. coli produced only squalene but not botryococcene (Okada et al.,
2000). Squalene synthase like-1 (SSL-1) is a protein which is homologous to BSS possessing
quite different amino acid sequence at the domain 5 (Niehaus et al., 2011). The purified SSL-1
did not function to produce neither botryococcene nor squalene in vitro. Instead, SSL-1
stimulates botryococcene production when it was added to B. braunii cell extracts. Further-
more, over expression of SSL-1 in FPP accumulating yeast resulted in the accumulation of
presqualene alcohol (dephospholylated PSPP) in the cells. These results suggested that SSL-1
functions as PSPP synthase but subsequent reactions for squalene synthesis are catalyzed by
other enzymes (Niehaus et al., 2011). SSL-2 and SSL-3 are proteins which are also homologous
to BSS (Niehaus et al., 2011). SSL-2 catalyzes two NADPH-dependent reactions for the
production of squalene from PSPP and bisfarnesyl ether with a little squalene from FPP. SSL-3
catalyzes a NADPH-dependent reaction to form botryococcene from PSPP. These results
suggest that the pathway for terpenoid hydrocarbon biosynthesis in B. braunii is quite unique
although cooperation of BSS, SSL-1, SSL-2, and SSL-3 is still unclear (Niehaus et al., 2011). After
the synthesis, both squalene and botryococcene are subsequently methylated but the number
of methylation is variable. The name of botryococcene was originally designated to methylated
botryococcene but now it is used for both compounds. The methyl group is transferred from
S-adenosyl methionine by triterpene methyltransferases (TMTs) although completely methy-
lated (tetra-methylated) squalene and botryococcene is not yet produced in vitro (Niehaus et
al., 2012).
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4. Carbon flow and energy balance in lipid and hydrocarbon biosynthetic
pathways

In Table 3 and Fig. 1, lipid and hydrocarbon biosynthetic pathways are summarized. All
hydrocarbons are produced from precursors (namely acyl-ACP or IPP/DMAPP) which are
produced from three primary metabolites; acetyl-CoA, pyruvate and GAP. GAP should be the
primary metabolite during photosynthesis and transported into the cytosol. Then acetyl-CoA
and pyruvate are sequentially produced from GAP in the glycolysis. On the other hand, acetyl-
CoA is primarily produced by the degradation of various lipids via -, a-, and w- oxidation
(Graham & Eastmond, 2002). Any pathway for hydrocarbon production includes decarboxy-
lation of carbon chain supplied as substrate and consumption of ATP and reducing power (see
the MVA/MEP pathway and glycolysis in Fig. 1). GAP production mostly depends on carbon
fixation rate by the photosynthetic C; cycle and the process seems to be the most effective
limiting factor for hydrocarbon production. Gene expression level for fatty acid synthesis is
relatively higher in race A (fatty hydrocarbon) than race B (terpenoid hydrocarbon) in B.
braunii while the expression of isoprene synthetic genes showed opposite trend (Ioki et al.,
2012c). Transcriptional regulation network of fatty acid metabolism is well studied in E. coli
(Fujita et al., 2007) but not yet in the other organisms. Carbon allocation into lipids is known
to be affected by environmental change via metabolic regulation; e.g. wax ester fermentation
in E. gracilis under anaerobic conditions (Tucci et al., 2010), TG accumulation in algae under
nutrient deficiency such as nitrogen (Hu et al., 2008; Miao & Wu, 2006) and under cold-stress
(Li et al., 2011; Renaud et al., 1995). On the other hand, such environmental changes do not
affect carbon allocation into hydrocarbon in B. braunii (Baba et al., 2012b; Metzger & Largeau,
2005; Sakamoto et al., 2012).

Supply of inorganic and organic carbon sources, nutrient deficiency and low-temperature are
empirically known to be stimulating factors for lipid biosynthesis. Enrichment of CO, as
inorganic carbon source stimulated lipid biosynthesis and cell growth by accelerating photo-
synthetic carbon fixation in microalgae (Kumar et al., 2010). Neutral lipid production and
accumulation was strongly accelerated in the presence of exogenous organic carbon source by
accompanying with abolishing chlorophylls in a unicellular green alga Chlorella protothe-
coides (Miao & Wu, 2006). Nitrogen is the most effective factor for changing carbon/nitrogen
metabolism and stimulates neutral lipid accumulation under N-deficient conditions (Hu et al.,
2008). However, nitrogen deficiency diminishes whole cellular productivity and therefore the
metabolic regulation to stimulating lipid biosynthesis does not always result in the increase in
gross productivity of lipids. Lipid accumulation under cold (Li et al., 2011; Renaud et al,,
1995) or other stress conditions (e.g., nutrient limitation at the stationary growth phase) also
induce change in metabolisms. Either cold or high-salinity stress (Lu et al., 2009) stimulates
lipid desaturation catalyzed by various lipid desaturases. Desaturation degree influences
properties of lipids such as melting point, reactivity, odor, degradability and so on. Lipid
biosynthesis by microalgae was shown to be affected by changing wavelength, namely
stimulation of lipid production by red light, via the modulation of nitrogen and carbon
metabolism in the cells (Miyachi et al., 1978).
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Name Reactions Products Notes

Carbon chain biosynthesis

Fatty acid biosynthesis (C2) acyl(n)-ACP + acetyl-CoA (+ CO,) + ATP + 2NADPH + 2H*> acyl(n  Fatty Reference
+2)-ACP (+ CO,) + H,0O + CoA + ADP + Pi + 2NADP* acid(C4~18)  pathway

Fatty acid biosynthesis (C2) acyl(n)-CoA + acetyl-CoA + 2NADPH + 2H*> acyl(n+2)-CoA + H,O  Fatty E. gracilis
+ CoA + 2NADP* acid(C4~16)  mitochondria

Fatty acid biosynthesis (C2) acyl(n)-CoA + acetyl-CoA + 2NADPH + 2H*= acyl(n+2)-CoA + H,O  Fatty Engineered
+ CoA + 2NADP+* acid(C4~18)  Escherichia coli

MVApathway (C5) 3acetyl-CoA + H,0 + 3ATP + 2NADPH + 2H*> IPP + 3CoA + CO, +  Isoprene Reference
3ADP +Pi + 2NADP*; IPP = DMAPP pathway

MEP pathway (C5) pyruvate + GAP + ATP + CTP + NADPH + 4e + 5H*> IPP (DMAPP) + Isoprene Incomplete about
CO, + 2H,0 + ADP + CMP + PPi + NADP* redox

Carbon chain elongation

Fatty acid elongation (C2) acyl(n)-CoA + acetyl-CoA (+ CO,) + ATP + 2NADPH + 2H*> acyl(n  Fatty Reference
+2)-CoA (+ CO,) + H,0O + CoA + ADP + Pi + 2NADP* acid(C20~28) pathway

Fatty acid elongation (C2) acyl(n)-CoA + acetyl-CoA + 2NADPH + 2H*-> acyl(n+2)-CoA + H,O  Fatty Human
+ CoA + 2NADP* acid(C6~16) mitochondria

Head-to-tail (n)isoprene Terpenoid Reference reaction

isoprene condensation (C5) - Poly terpenoid-PP + (n-1)PPi (n=2)

Head-to-head 2 isoprene + NADPH Hydro- Reference reaction

isoprene condensation (C5) - Poly terpenoid + 2PPi + NADP* + H* carbon

Fatty acid (ACP/CoA) reduction

Fatty aldehyde formation acyl-CoA + NADPH + H* Fatty- Reference reaction
- fatty aldehyde + CoA + NADP* aldehyde

Fatty aldehyde formation acyl-ACP + NADPH + H* Fatty- Cyanobacteria
- fatty aldehyde + ACP + NADP+ aldehyde

Alcohol formation acyl-CoA + 2NADPH + 2H+ Fatty- Reference reaction
- fatty alcohol + CoA + 2NADP* alcohol

Alcohol formation fatty aldehyde + NADPH + H* Fatty- Reference reaction
- fatty alcohol + NADP* alcohol

Odd-chain fatty hydrocarbon

biosynthesis

Aldehyde decarbonylation fatty aldehyde(n) Hydro- Reference reaction
- fatty hydrocarbon(n-1) + CO carbon

Even-chain fatty hydrocarbon

biosynthesis

Alcohol reduction fatty alcohol (n) Hydro- Incomplete about
- fatty hydrocarbon (n) carbon redox

Olefinic hydrocarbon

Head-to-head 2acyl-CoA(n) Hydro- Incompletely

acyl-CoA condensation - alkadiene (2n-1) + CO, + H,0 + 2CoA carbon understood

Wax ester

Fatty acid/alcohole sterification ~ fatty acyl-CoA(X) + fatty alcohol(Y) Wax ester Reference reaction

-> wax ester (X+Y) + CoA

Table 3. Carbon flow, consumption of ATP and reducing power in lipid and hydrocarbon biosynthetic pathways
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Figure 2. Carbon flow, consumption of ATP and reducing power in lipid biosynthetic pathways. Black- or blue-chained
spheres indicate C-C chain. Orange- or Yellow-colored circles indicate Pi in various compounds including IPP, DMAPP,
ATP and so on. Difference in color of box-frames indicates difference in localization of pathways. Fatty acid biosynthe-
sis in engineered E. coli and fatty acid (~C,) elongation in human mitochondria are not shown here since those reac-
tions are same as those in mitochondria of E. gracilis; namely, reversal pathway of B-oxidation. Detailed information is
written in the text. GPP, geranyl diphosphate.

5. Future perspective of algal lipid biosynthetic pathways

Recent in silico analysis suggested the presence of some unique lipid-metabolic pathways in
algae although those are not characterized yet (e.g., see Table3 and 3. Hydrocarbon biosynthesis
in algae). Therefore, research on algal lipid biosynthetic pathways should be unavoidably
worthy task to increase industrial algal-oil production. Study on lipid metabolism is also
beneficial for useful and biologically active organic material production to achieve the
invention of manufactural lipid synthesis. One of such good examples is the manipulation of
[-oxidation to proceed for reversal direction in E. coli (Dellomonaco et al., 2011), the construc-
tion of recursive “+1” pathway by genetic engineering in contrast to “+2” fatty acid and “+5”
isoprene pathways (Marcheschi et al., 2012). Increase in lipid production by eukaryotic algae
strongly can be achieved by metabolic manipulation by controlling strict redox status and
subcellular compartment of metabolisms.
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Genetic engineering in eukaryotic algae is important technology to be established although it
still is quite challenging (Gong et al., 2011; Radakovits et al., 2010). It is highly expected that
algal oil is efficiently produced with high purity since it is produced by enzymatic reactions
in homogenous productive cells. So, characteristics of products, such as chain length and
number of double bond in the molecule, can be modified by genetic engineering (Gong & Jiang,
2011; Radakovits et al., 2010). Further, facilitation of lipid extraction (e.g. lipid auto-secretion
from cells to the medium) (Cho & Cronan, 1995; Liu et al., 2010; Michinaka et al., 2003; Nojima
et al.,, 1999) and cell precipitation control (Kawano et al., 2011)) are important to be improved
since such processes consume vast energy at industrial process of production. It is noteworthy
that direct extraction of oil from B. braunii was already achieved to reduce energy and cost
(Frenz et al.,, 1989; Kanda et al., in press). In cyanobacteria, trial to generate hydrocarbon
tolerant species was just started (Liu et al., 2012).

Finding of limiting step in whole photosynthetic CO, fixation process is also important to
increase lipid productivity. Algae have evolved by developing ability to facilitate the utiliza-
tion of ambient level of CO, by the action of innate CO, concentrating mechanisms (Giordano
et al., 2005; Raven, 2010). Exogenous CO, supplementation recovers cells from CO,-limitation
when cells are exposed such conditions within few hours. However, the photosynthetic
activity quickly changes to optimize their ability to exposed conditions since algal cells possess
ability to adapt/acclimate to environmental change. The maximal carbon fixation rate and high-
CO, tolerance are highly depend on microalgal species/strain and therefore CO,-enrichment
is not so beneficial for the improvement of cost and energy performance of microalgal
production (Baba & Shiraiwa, 2012). Further investigation is necessary to produce newly-
engineered algal cells which exhibit high and efficient CO,-utilization and -fixation ability with
enhanced photosynthesis and lipid productivity.
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